The paper shows a comparison of nanocrystalline and microcrystalline tantalum sinters. The nanocrystalline tantalum was made using high-energy ball milling. The sinters were made using hot pressing with high frequency induction heating. The structure and microstructure of the powders and sinters were investigated. After 48 hour milling, the microcrystalline tantalum transformed into nanocrystalline powder. The hot pressing resulted in a formation of bulk tantalum with ultrafine grains and hardness as high as 1067 HV. The nanostructure supports the densification process at lower sintering temperature in comparison to microcrystalline tantalum. The average crystallite size in nanocrystalline bulk materials reached 170 nm.
Introduction
Tantalum is a very promising material for different technical applications [1, 2] . Tantalum is a refractory material used as base for alloys used in air and space, chemical, energy and biomedical applications. However, the main downside of tantalum is its high cost and relatively hard processing because of its high melting point. Tantalum can be composed with other alloying elements such as Ti [3] as well as other refractory elements [4] [5] [6] to form alloys of very high resistance to temperature and corrosion. The Ta is relatively plastic but its combination with other alloying elements results in strengthening through solid solutioning, precipitating or dispersing [4] . The formation of nanostructure results in significant changes in the properties of materials [7, 8] . A reduction of grain size results in an increase in the grain boundaries. These microstructural elements cause an increase in the material strength following the grain refinement. Nanocrystalline powders can be successfully used for preparation of bulk materials [9] . The powder metallurgy processes are typical processes leading to their densification [10] . The nanocrystalline powders should be consolidated at lighter pressing and sintering conditions, i.e. temperature, pressure and time in comparison to microcrystalline counterparts. Thus, conventional powder metallurgy followed by pressureless sintering is not appropriate due to high temperature, long time and no pressure during sintering. The hot pressing, on the other hand, can minimize grain growth, thus preserving the nanostructure after the process, providing high mechanical properties. In this work the formation of bulk nanocrystalline tantalum sinters was studied and compared to the microcrystalline ones. The authors used hot pressing in order to reduce the grain growth during consolidation.
Experimental details
In this work, nanocrystalline Ta sinters were made starting from high-energy ball milling followed by hot pressing. The tantalum powder of the mesh size of 325 (<44 µm) and the purity of 99.97% was 2 1234567890 the 2nd International Conference on Civil Engineering and Materials Science IOP Publishing IOP Conf. Series: Materials Science and Engineering 216 (2017) 012006 doi:10.1088/1757-899X/216/1/012006 purchased at Alfa Aesar (Germany). During all the processing stages, the powder was kept in high purity inert atmosphere (argon). The powder handling was conducted in a Labmaster 130 glove box (MBraun, Germany). The milling procedure was done in a hardened steel vial mounted inside the SPEX 8000M shaker Mixer/Mill (Spex SamplePrep, USA). The mill was run for 48h at a room temperature with the frequency of 875 cycles/minute. 5g of Ta powder and 7 hardened steel balls were placed inside the vial. The ball to powder weight ratio was 3. The obtained powders were then axially hot-pressed at 10 -2 Pa vacuum using graphite die and tungsten stamps. The pressing temperature was established experimentally and the process was done at 1500 o C and 1000 o C for microcrystalline and nanocrystalline powders, respectively. The pressure was 50 MPa and the sintering time at a constant temperature was 5s after 120s and 100s temperature rising to 1500 o C and 1000 o C, respectively. The BN spray was applied to prevent the powder material sticking to the die and ensure easier stamp moving. The structure analysis was controlled by Empyrean XRD (Panalytical, The Netherlands). The investigation was done using CuKα radiation at the voltage of 45 mV and the anode current of 40 mA. The angular 2 range was 30-120 deg., the step size was 0.0167 deg. and the time per step was 12.54 s/step. The crystallite size was estimated using the Scherrer method. The microstructure was analyzed using Vega 5135 SEM (Tescan, Czech Republic). Additionally, Q-Scope 250 AFM (Quesant, USA) working in tapping mode was applied for the microstructure and grain size analysis. The surface was scanned by a SSS-NCLR Nanosensors probe. Based on the AFM images, a particle size dimension distribution histogram was developed. For microscopic observations, the bulk samples were grinded on a sandpaper, polished in a diamond suspension and finally etched in a H 2 SO 4 + HNO 3 +HF mixture to reveal the grain boundaries. Vickers hardness HV3.0 was measured using a Nexus hardness tester (Innovatest).
Results and discussion
Microcrystalline tantalum (figure 1a) was intensely milled for 48h ( figure 1b) . The high-energy ballmilling resulted in a reduction of the crystallite size to below 20 nm, nanostructure formation and significant material amorphization (figure 1b). Intense milling resulted in a strong deformation and stress introduction resulting in an increase of the lattice constant and the volume of the unit cell ( figure  2 ). During HEBM, the initial Ta particles (figure 3a) undergo not only a reduction of the crystallite size, but also cold welding and plastic deformation, which can result in a formation of relatively large particles (figure 3b). These particles, however, are composed of nanocrystals (figure 4a). The strain hardening is the main factor leading to the size reduction of final powders and the crystallites. The particles after HEBM stuck together and formed larger agglomerates (figure 3b). The hot-pressing process was done in a very short time and at a relatively low temperature. For nanocrystalline tantalum we have found that the temperature of 1500 o C is too high in contrast to microcrystalline tantalum, which is why, for nanocrystalline material, the pressing was done at 1000 o C. Due to the high reactivity of the nanocrystalline powder, the material reacts with graphite die and boron nitride covering the die and the stamp. As a result, small amounts of additional hard precipitations (TaC, TaB 2 ) appear in the structure of the compacts as well as TaO 2 due to high reactivity with oxygen ( figure 1c ). For comparison, the parent, much bigger microcrystalline powder does react with the above-mentioned die materials ( figure 1d) . The hot-pressing process results in a limited grain growth in comparison to conventional powder metallurgy. Low temperature and short time at a given temperature lead to inhibiting the grain growth of the compact (figure 4b). The compacting leads to the obtainment of uniform grains in the case of nanocrystalline material of a spherical shape (figure 4b), while in the case of microcrystalline materials it is typical polyhedral grains (figure 4c). In both cases, for nanocrystalline and microcrystalline materials, an over 95% density was obtained without significant pores ( figure 3c,d and figure 4b,c ). Small pits observed in figure 3c,d are a result of the polished sample etching in order to reveal the grain boundaries. In the case of both, nanocrystalline and microcrystalline hot-pressed materials hardness was measured using the Vickers tester. The microcrystalline material had a hardness of 357  6.6 HV and the nanocrystalline material due to small grains and hard precipitations reached 1067  78 HV. For comparison, the hardness was also measured on commercial bulk sintered tantalum, which reached the value of 101  2.2 HV.
Conclusions
This work discussed the formation of hot-pressed nanocrystalline tantalum in comparison to the microcrystalline ones. HEBM results in a reduction of the crystallite size up to the average value of approx. 70 nm. The hot pressing of the nanocrystalline tantalum results in a limited grain growth and an average crystal size of approx. 170 nm. For comparison, microcrystalline powders were compacted, giving standard microcrystalline sinters with crystal size of approx. 4.3 µm. The nanocrystalline material showed additional hard precipitations, that derived from the graphite die and lubricant, forming during a reaction with the nanocrystalline material. The hardness of the ultrafine tantalum is very high and reaches 1067 HV. This work constitutes preliminary studies for further research of nanocrystalline tantalum alloys and composites prepared by mechanical alloying followed by densification process.
